Out of focus fluorescence is a dominant limiting factor in the improvement of imaging depth in two-photon fluorescence microscopy. Here we propose a new two-color two-photon fluorescence microscopy scheme, in which two trains of laser pulses with different wavelengths are concentric and complementary. These two beams are overlapped both in space and time only in the focal area. Monte Carlo simulation demonstrates that this scheme can effectively reject out-of-focus fluorescence excitation, and thus has great potential for providing significant increment of imaging-depth.
Introduction
Since its first demonstration by Webb's group over a decade ago, 1) two-photon fluorescence microscopy (2PFM) has been widely used in the field of biology and medicine, owing to its several distinct advantages including intrinsic 3D sectioning ability, improved penetration depth, and reduced out-of-focus photobleaching and phototoxicity. 2, 3) Among these advantages, the improved penetration depth has allowed imaging deeply into scattering biological tissues, such as neurons 4, 5) and mammalian embryos. 6) Currently, the penetration depth of two-photon microscopy has ~1000 μm with a regenerative amplifier. 7) A further increase in the penetration depth will certainly be beneficial to many important applications. However, such attempt has been hampered by the out-of-focus fluorescence background. It is well-known that two-photon fluorescence microscopy can intrinsically reject out-of-focus fluorescence owing to the highly nonlinear dependence on the excitation intensity, this conclusion will no longer hold true in a highly scattering medium. 2) In this case, the high scattering loss makes it necessary to increase the power of the excitation beam so as to maintain an adequate peak intensity at the focus for two-photon fluorescence excitation. The deeper the image plane, the higher the power of the excitation beam is required. When the power is raised beyond a certain range, the fluorescence can be emitted efficiently from the out-of-focus area, causing strong noise in the imaging process. Therefore, it is the out-of-focus fluorescence rather than the high scattering loss that ruins the two-photon fluorescence imaging deeply into biological specimens.
2) Being aware of this fact, recently a new technique employing simultaneous temporal and spatial focusing has been suggested for reducing the background fluorescence. 8, 9) In this technique, the spectral components of the femtosecond laser pulse are first separated in space for stretching the pulse, and then they will become completely overlap again at the focus for reproducing the shortest pulse duration. Therefore, the relatively long pulse durations in the out-of-focus areas can help suppress the background excitation, leading to improved signal-background ratio (SBR). Nevertheless, the temporal focusing technique does not completely eliminate the out-of-focus fluorescence but only mitigates this issue, because the temporally stretched excitation beam can still potentially induce the two-photon excitation in the out-of-focus area, though with less efficiency. Two-color two-photon (2C2P) excitation may be a promising method to solve this problem. In the two photon excitation process, it has its origin with the automatic spatial and temporal overlap of the photon density using a single excitation beam, 10) while two-color two-photon fluorescence is generated only in regions where the two excitation beams overlap with each other and therefore background fluorescence is considerably weaker with 0 θ ≠ , θ is the angle between the two excitation beams. 11) However, in the configuration of 0 θ ≠ , as shown in Fig. 1(a) , there are always stringent restrictions in sample thickness, sample accessibility and the choice of objectives since two lens are needed to focus the excitation beams, all of which make those configurations more difficult to perform looking inside living tissue. In this paper, we propose a new two-photon excitation scheme which, in principle, can more effectively eliminate the out-of-focus excitation in a highly scattering biological specimen.
Theory and Method

Two-color two-photon excitation
The idea of two-color two-photon excitation was around for quite a long time where two excitation photons of different wavelengths . There are some unique advantages of 2C2P fluorescence microscopy over its two-photon counterpart. In two-photon excitation (2PE) with single wavelength, spatio-temporal overlap is simultaneously satisfied at any point, while in the case of 2C2P excitation these conditions could be met only in the region where two excitation beams overlap. The point spread function of 2PFM exhibits strong side lobes due to second-order interference between two excitation beams 11) while the one of 2C2P is not unaffected because different wavelengths are generally with no spectral profile overlap. Besides, the use of two excitation beams provides independent control of the wavelength, polarization, intensity, and pulse width of the two excitation beams.
13)
Concentric two-color two-photon excitation
The approach we take is to use concentric two-color two-photon (C2C2P) fluorescence excitation method to overcome the background excitation problem, as shown in figure 1 (b) . In this focusing geometry, two femtosecond laser beams with different wavelengths are collinearly sent into an objective lens. The radius of the inner beam with a wavelength 1 λ is 1 r ; whereas the outer beam forms a concentric ring which has an inner radius of 1 r and outer radius of 2 r .
Therefore, after the objective lens, these two beams will not overlap in space until reaching their common focal spot.
Remember that in the two-color two-photon fluorescence excitation, the fluorescence intensity 2CF I is proportional to the product of intensities of the two excitation beams 12) This unique property implies that, in theory, there would be no out-of-focus background fluorescence for the C2C2P excitation scheme, because the two beams are completely separated before and after the focal spot. However, in practice, if one uses C2C2P excitation scheme for imaging into highly scattering media such as biological tissues, the strongly diffused excitation photons will still induce out-of-focus background excitation. So we compare the performances of the C2C2P microscopy and its one-color two-photon (1C2P) counterpart using Monte Carlo simulation to verify that the C2C2P microscopy can indeed improve the penetration depth in a highly scattering medium.
Monte Carlo stimulation
Monte Carlo simulation of photon propagation offers a flexible yet rigorous approach toward photon transport even in highly scattering tissues. 14, 15) The Monte Carlo simulation is based on the optical properties of the sample tissue, which can be described by the following parameters: the refractive index n , the absorption coefficient a μ (defined as the probability of photon absorption per unit infinitesimal path length), the scattering coefficient s μ (defined as the probability of photon scattering per unit infinitesimal path length) and the anisotropy factor g (defined as the average of the cosine value of the deflection angle). For biological tissue, value of g usually ranges between 0.3 and 0.98, but in many cases g is ~0.9 in the visible spectrum, indicating that scattering mainly occurs in the nearly forward direction. 14) We choose the refractive index and the absorption coefficient as 1.37 n = and (1/ ) s μ λ ∝ . 15) Another assumption in our stimulation is that the highly scattering medium is infinitely wide and infinitely thick, which is reasonable because the beam size is significantly smaller than that of the tissue volume. A Cartesian coordinate system is used to record the trajectories of photons in three-dimensional space, as shown in Fig. (1) . The origin of the coordinate system is on the tissue surface. The two beams with different wavelengths are focused into the specimen by an objective lens with a numerical aperture (N.A.) of 0.7 and a clear aperture of 6mm (diameter). Therefore, the calculated focal length is 3.06mm. The penetration depth is described by a variable d . The following parameters are used throughout our simulations: the inner and the outer radii for the beam at 800nm is 1 
, and the radius of the beam at 1200nm is 1 
The photon number of each excitation beam in 2C2P microscope is 6 
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e N = which is typically considered to be sufficient for yielding a reasonable statistical description of the photon distribution in the medium, 14) whereas the photon number of the excitation beam in the 1C2P microscope is I are the corresponding photon densities of two beams. Likewise, the 1C2P fluorescence signal is calculated using 2 2P
I I κ′ = , where k′ is the 1C2P excitation coefficient, and the intensity I is the photon density of the excitation beam. For simplicity, here we set ' 1 k k = = because the specific values of these two parameters will only influence the intensities of the fluorescence signal. However, the SBR, which is the focus of this study, will not be affected by these two excitation coefficients.
Result and discussion
We compared the C2C2P fluorescence intensities (left column) and the 1C2P fluorescence intensities (right column) at different focal depths, as shown in figure 2 . It is clearly shown in Figs. 2 (a) and (b) that at a relatively low penetration depth, e.g., when 0.6 d mm = , both the C2C2P and 1C2P excitation geometries are able to effectively confine the fluorescence generation within a limited area. In this case, because of the shallow penetration, both the two excitation schemes can offer a decent SBR. After increasing the penetration depth, the background fluorescence for the 1C2P excitation rises more rapidly than that for the C2C2P excitation. It can be seen that at a penetration depth of 1mm, Fig. 2 (c) shows significantly less background fluorescence as compared with Fig. 2 (d) . Thus, the advantage of C2C2P fluorescence microscopy in the 3D imaging of highly scattering biological tissue is justified.
We also plot the normalized axial profiles of the 1C2P fluorescence intensity and the C2C2P fluorescence intensity at different penetration depths in Fig. 3 . Green solid curves are for C2C2P and red dash dot curves are for 1C2P. Clearly, at the large penetration depth as shown in Fig. 3 (b) , the background fluorescence is much stronger for the 1C2P excitation scheme as compared to that of the C2C2P excitation scheme. On the contrary, for the cases of the smaller penetration depth (e.g., 0.6 d mm = ), we see in Fig. 3 the 1C2P excitation scheme shows similar performance than the C2C2P scheme in terms of background fluorescence and axial resolution. It should be pointed out when we employ the C2C2P excitation scheme, each beam only fulfills part of the back aperture of the objective lens. Therefore, the effective N.A. is actually reduced in the case of C2C2P excitation scheme. However, we should stress here that the major advantage of the C2C2P fluorescence microscopy is to achieve maximum penetration depth for imaging into scattering biological tissues rather than to achieve the high imaging resolution.
